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New Prospects for Glycopeptide Based Analgesia: Glycoside-Induced

Penetration of the Blood-Brain Barrier
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Abstract. Antinociceptive effects and BBB transport properties of glycosylated enkephalin derivatives are reviewed.
Previously, the application of enkephalins as analgesics has been retarded by their poor stability in vivo and by their
inability to effectively penetrate the blood brain barrier. This shortcoming has been overcome by glycosylation,
paradoxically leading to enhanced BBB transport via transcytosis. Principal design considerations required for enhanced
binding, stability and transport of opioid peptides are reviewed. Modifications of the peptide backbone and side chains to
achieve optimal receptor binding (mid-selectivity) are presented. The importance of reversible binding between the
glycopeptide and membranes is emphasized, and several pertinent examples of peptide-membrane interactions are
discussed in the light of glycopeptide transport and opioid binding. An “amphipathic hypothesis” is introduced as a
rationale for the observed BBB penetration of the opioid glycopeptides.
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INTRODUCTION

The use of opiates as crude preparations for the relief of
pain and the control of dysentery stretches back into
prehistory. Ancient Sumerians are believed to have harvested
and used opium poppies for analgesic and euphoric purposes
at least as early as 3400 BCE [1], and that opiate use spread
from the Sumerians to the rest of the world. The sap of the
poppy (Papaver somniferum) was named “opium” after the
Greek word for “juice”, and later was termed as a “narcotic”
from the Greek word for “stupor”. Friedrich Sertlrner
isolated the principal alkaloid from opium in pure form in
1806, and named it morphine after Morpheus, the Greek god
of dreams [2] Robiquet isolated codeine in 1832 and workers
at Merck isolated papaverine in 1848. These congeners of
morphine display strong analgesic and addictive properties,
and have been the subject of intensive pharmacological
modifications, as well as serving as important benchmarks
for many structure activity relationship (SAR) studies with
the morphinan ring system and related pharmacophores.
Morphine is also an important benchmark for clinical
studies, and is still the most widely prescribed injectable
opioid today [3] despite its narcotic side effects, which
include respiratory depression, [4] drowsiness, stupor,
nausea, biliary pressure increases, constipation and
immunosuppressive effects [5] In addition to these problems,
tolerance and physical dependence can develop with
repeated use. Acute opioid toxicity from overdose may result
in coma and/or convulsions, and death; invariably resulting
from respiratory failure.

Endogenous opioid peptides, lumped together under the
generic term endorphins, have been the subject of fascination
by the scientists since their discovery in the mid 1970’s.
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They have also been the subject of intense scrutiny by
pharmacologists and neuroscientists [6] These are the
substances produced within the human brain that relieve
pain, allow one to experience “runner’s high”. or to enjoy a
chocolate bar. Although these experiences are subjective,
there is no question that the endogenous opioid systems play
critical roles in diverse sensory, emotional, motivational, and
cognitive functions. If these naturally occurring opioid
peptides and their derivatives could be rendered permeable
to the blood-brain barrier, then a vast new vista of
psychopharmacology would be opened to exploration by
medical researchers. Such brain-permeable neuropeptide-
based drugs might have the potential for extremely selective
pharmacological intervention without the narcotic side
effects associated with morphine.
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Fig. (1). Comparison of Morphine and Enkephalin Structures.
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RECEPTOR SUBTYPES

Simon, Snyder and Terenius simultaneously reported the
discovery of the receptors responsible for binding opioid
peptides in a stereoselective manner in 1973 [7]. It has been
firmly established that there are at least 3 multiple opioid
subtypes: m d, and k. Existence of other receptors, such as e
and s have been suggested, but have not been confirmed
[8,9]. Opioid receptors have been found throughout the
mammalian CNS and peripheral nerve tissues such as the
mouse vas deferens, guinea pig ileum and human
gastrointestinal tract. The classical opiate morphine is a
potent agonist at mopioid receptors, but also produces
agonism at d and k receptors with low binding affinity. Sub
classes of receptors (di, d,, ki, Kz, ks) have also been
proposed based on their differing pharmacology, [10] or
based on their differing location (m, m).

Except for the putative e- and s-receptors, all the major
opioid receptor subtypes have been sequenced in both mice
and humans, and were cloned by the year 1994. The first
successful cloning of the d-receptor was reported by Kieffer
et al. and Evans et al. in 1992 [11]. The mreceptor was
cloned in 1993 by Fukuda et al. and by Chen et al.; [12] the
k-receptor was cloned by Yasuda et al. and Minami et al.,
also in 1993 [13]. The situation is complicated by at least
seven different splice variants of the MOR-1 gene, [14] and
probably among the other subtypes as well. The widespread
use of knock-out mice has added a new dimension to the
study of receptors in vivo [ 15]. Likewise, homo- and hetero-
oligomerization of receptors remains an area of active
research [16].

The glycosylation state of the native opioid receptors has
not been extensively studied. The m d and k-receptor
subtypes share both sequence and structural features, and are
integral membrane proteins. The opioid receptors are G-
protein coupled receptors, and all are believed to possess
seven membrane-spanning a-helical segments. Most of the
homology between the m d and k-receptors lies in the highly
helical membrane-spanning domains. The differences that
largely seem to define these receptors are in the second and
third extra-cellular loops, which are believed to be associated
with ligand specificity, [17] as well as in the intracellular
carboxy termini and the extracellular amino termini. The
binding sequence Tyr-Gly-Gly-Phe located at the N terminal
of the endogenous opioid peptides (message sequence) is
highly conserved, which suggests that the binding site is
similar in all of the receptors. The endomorphins are an
exception to this rule, and the precursor peptides for the
endomorphins are not yet known, although the relevant
nucleotide sequences appear hundreds of times within the
human genome. There is still a paucity of detailed structural
knowledge about the precise binding site of the opioid
receptors despite decades of SAR work, although many
proposals have been put forth. Even less is known of the
receptor and ligand structural features that distinguish
agonism from antagonism. The lack of molecular details
makes the successful design of ligands specific for the
receptors a challenge, and this process remains largely
empirical.
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ENDOGENOUS OPIOID PEPTIDES

The pharmacology of opiates was greatly stimulated by
Kosterlitz’s discovery of two endogenous pentapeptides
Met-enkephalin and Leu-enkephalin in 1975 [18]. Other
endogenous opioid peptides were discovered in the
mammalian brain in the years following, and at present
dozens of endogenous opioid peptides have been
characterized. Initially, there was a great deal of enthusiasm
in pharma for the use of enkephalins and other opioid
peptides from the brain as analgesics, however this
enthusiasm was dampened considerably by the determination
that these compounds did not penetrate the blood-brain
barrier (BBB), and had very short half-lives in the blood
stream. Extensive SAR studies in many laboratories have
resulted in potent and selective opioid agonists and
antagonists, [19] and a few of these have showed greatly
increased half-lives in serum [20]. Penetration of the BBB by
peptides remains enigmatic, however, despite the application
of a great deal of effort, recently driven by re-invigorated
efforts to apply the fruits of biotechnology to clinical
problems [21].

Endorphin is a generic term for the 3 families of
endogenous neuropeptides, the enkephalins, the dynorphins
and the b-endorphins [22]. The prototype, b-endorphin was
first isolated in 1976. Although b-endorphin (31 residues)
contains the Met-enkephalin peptide sequence on the N
terminus, b-endorphin and its kin are produced from
proopiomelanocortin (POMC), whereas the enkephalins arise
from a different precursor protein, proenkephalin [23].
Likewise, the dynorphins are derived from prodynorphin,
which yields more than seven peptides, including Leu-
enkephalin. Since opioid and non-opioid peptides (e.g. o
MSH, ACTH, b-LPH) are enzymatically cleaved by various
proteases from the much longer peptide, the cleavage event
can result in a diverse set of peptides of varying length,
allowing for modes of biological regulation that are much
more sophisticated than simple up-regulation or down-
regulation of the genetic expression levels.

A fourth “orphan” receptor, the opioid-like receptor
(ORL), has been identified and cloned, [24] and may be
regarded as a member of the opioid receptor family. Its
endogenous ligand appears to be nociceptin, or orphanin-FQ,
which differs from dynorphin in that it bears F instead of Y
at the N-terminus. Nociceptin, like the opioid peptides, is
derived from a larger precursor protein, proorphanin [25].
Unlike the opioid receptors, this receptor seems to raise the
threshold for pain, rather than decreasing pain, and its
inclusion as an opioid receptor is debatable. This ligand has
little or no binding affinity for the classical opioid receptors.

The largest known member (25 residues) of the
proenkephalin opioid peptides is adrenal peptide E, which is
reported to be a potent mand k agonist [26]. Peptide E has a
Met-enkephalin sequence on the N terminus and a Leu-
enkephalin sequence embedded at the C terminus. The
peptide bs-endorphin was shown to promote analgesia
similar to morphine, and is a very potent magonist [27].
Endomorphins | and Il are believed to be the endogenous
ligands for the mreceptor, but the precursor proteins have not
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Table 1.  Naturally Occurring Opioid Peptide Sequences
Peptide Sequence Subtype

Met-Enkephalin YGGFM nid
Leu-Enkephalin YGGFL d/m
Dynorphin A YGGFLRRIRPKLKWNNQ k(m
Dynorphin B YGGFLRRQFKVVT k(md)
a-Neoendorphin YGGFLRKY k(md)
b-Neoendorphin YGGFLRKYP k(md)
br-Endorphin YGGEMTSEKSQTPLVTLFKNAIIKNAYKKGE nid
Peptide E YGGEFMRRVGRPEWWMDYQKRYGGFL mk
Peptide F GGEVLGKRYGGFM —
Nociceptin FGGFLRRIRPKLKWNNQ ORL
Deltorphin YmFHLMD-CONH, d
Dermorphins YaFGYPS-CONH, m
Morphiceptin YPFP-CONH, m
b-Casomorphin YPEPGPI m
Endomorphin-1 YPWE-CONH, m
Endomorphin-2 YPFF-CONH; m
Rubiscolin-6 YPLDLF d

yet been identified [28]. The k agonist dynorphin-A (1-17),
which contains the Leu-enkephalin sequence at the N-
terminus, was isolated by Goldstein et al. in 1979 [29]. More
recently a family of opioid peptides lacking the prominent
YGGF “message segment” common to the mammalian
opioid peptides was shown to be present in the skin of the
frog Phyllomedusa bicolor. The presence of the enantiomeric
D-amino acids in the amphibian peptides makes the m
selective dermorphins and d-selective deltorphins unusual, at
least in a mammalian context. Additionally, the YXxF
“message  segment” can replace YGGF  [30].
Pharmacologically active opioid peptides that contain a
similar YPX “message segment” have also been obtained
from plant sources, where X is usually an aromatic amino
acid (e.g. b-casomorphin, endomorphin-2, inter alia), [31] or
less commonly, an aliphatic amino acid (e.g. the rubiscolins).
These latter peptides have been observed in intestinal
enzymatic digests, and although their biological significance
is not clear, they appear to have weak oral antinociceptive
activity in the mouse tail pinch assay [32].

INCREASING PEPTIDE STABILITY

Endogenous peptides generally have a short lifetime in
vivo due to enzymatic biodegradation, and consequently
have poor bioavailability in tissues and organs. Therefore, it
has been a challenge to improve the stability of an
enkephalin while still maintaining its potency and selectivity
[33]. Many enkephalin analogs are now available that are

quite stable to enzymes encountered in vivo. Several
strategies have been successful to increase enzymatic
stability [34]. In fact, many of the same chemical
modifications used to increase potency and selectivity of
opioid peptides (e.g. non-natural amino acids, cyclization,
and chirality inversion, vide infra) also render the resulting
peptide inert to peptidases. However, almost invariably they
do not cross the blood brain barrier to an appreciable extent.

PEPTIDE-BASED ANALGESIA

Attempts to develop enkephalin-based pharmaceuticals
began immediately after their discovery. Early work
suggested that a Tyr-Xxx-Gly-Phe motif was required for
opioid agonism, and that enhanced potency and enzymatic
stability could be observed when Xxx was a D-amino acid. It
was observed that even greater stability and receptor
selectivity could be achieved by introducing cyclic
constraints [Fig. (2)1 into opioid peptides by embedding
lactam bridges (Orn°—Asp’, 1), [35] disulfide bonds (D-
Pen’—D-Pen’, 2), [36] or sulfide linkages (lanthionine, 3)
[37] into the message sequence. Improvements have also
been made by controlling side-chain orientation, or c-space,
[38] by the use of unnatural amino acids [Fig. (3)], such as
D-amino acids (4, 7), [39] cyclopropyl amino acids (5), [40]
cyclic amino acids (6), [41] and amino acids bearing
additional alkyl groups (7, 8, 9) [42].

Taken as a whole, this work represents a remarkable
achievement by the opioid peptide community, which can
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Fig. (3). Acyclic Enkephalin Analogs with Modified Amino Acids.

boast of extremely potent opioid peptide tools with exquisite
selectivity. These tools have been used, and are still being
used, to pose and to answer a number of important questions
of interest to a diverse set of life scientists. Unfortunately,
despite their potent binding, selectivity, and enormous utility
as pharmacological probes, none of these opioid agonists
effectively penetrate the blood-brain barrier, and thus do not
produce analgesia in a therapeutically useful manner.

THE BLOOD-BRAIN BARRIER (BBB)

One of the remaining problems preventing the use of
opioid peptides as drugs is poor bioavailability, which is due
to the low penetration across various biological barriers,
especially cellular membranes [43]. The BBB acts as a
barrier to unnecessary substances, and admits vital nutrients
for proper function of the CNS [44]. The flow is bi-
directional, allowing the export of materials from the CNS
(efflux transport) and the import of materials from the blood
(influx transport). Ehrlich was among the first to observe the
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blood-brain barrier in the late 19" century when he examined
the effect of the dye, trypan blue, on animals after i.v.
administration. Upon dissection, he found that the brain
remained a grayish-white color while all other tissues were
stained blue. He reasoned that the brain and the surrounding
cerebrospinal fluid (CSF) must be protected from the dye,
yet at the same time the BBB must allow the passage of
essential nutrients, hormones, and metabolites to the brain.
Since then, it has been found that the tight junctions of the
endothelial cells in brain capillaries are responsible for the
BBB.

The BBB of the brain has two major components. The
endothelial layer lies between the arterial blood in the brain
capillaries and the interstitial fluid of the brain. In humans,
the surface area of the endothelial layer in the brain is about
21 m?® [45]. The epithelial layer lies between venous blood
and the CSF in the choroid plexus, and has a total surface
area of about 0.021 m” in humans [46]. At the spinal cord,
the BBB only consists of the endothelial barrier. Thus, CSF
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is created in the choroid plexus and flows around the brain
and down to the spinal column. Complete turnover of the
CSF takes about 5 hours in humans [47]. The BBB
represents not only a physical obstacle, but a metabolic one
as well, possessing both oxidative enzymes and peptidases
such as aminopeptidase, arylamidase and enkephalinase.
Thus, metabolically unstable substances (e.g. peptides) are
rapidly degraded before they reach the CSF. This enzymatic
gauntlet may be as important as the lipophilic barrier in
excluding peptide pharmaceuticals from the CNS. It should
also be noted that entry to the CSF does not guarantee that a
drug will enter the brain, as many peptides are rapidly
exported back to the bloodstream [48].

The transport of drugs across the BBB falls into two
broad categories: passive diffusion across the cell membrane
and passage mediated by a specific transport mechanism.
Since the peptides are relatively large and hydrophilic, they
do not cross BBB by passive diffusion and they require
another transport mechanism. Invasive brain drug delivery
strategies have been the most widely used techniques to
deliver  drugs behind the BBB using i.c.v.
(intracerebroventricular) infusions, or intrathecal implants
[49]. While there are medical situations where such invasive
techniques are justified in humans, non-invasive
methodologies offer the potential for much wider therapeutic
application of analgesic drugs based on opioid peptides.
While i.c.v. animal studies are instructive and are described
in this review, it is understood that such invasive techniques
are essentially neurosurgical in nature, and do not represent a
satisfactory solution to the drug delivery problem.

TRANSPORT MECHANISMS

There are five modes of transport across the endothelial
cells of the brain capillaries as illustrated in Fig. 4 [50].

Fig. (4). Five Modes of Transport across the Blood-Brain Barrier.
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Many pharmaceutical agents, such as morphine, penetrate
the BBB by passive diffusion across the cell membrane.
Passive diffusion of a molecule is determined by its
molecular size, charge, lipophilicity and hydrogen bonding
capability because the BBB generally behaves as a
continuous lipid bilayer. The larger and more polar a
molecule is, the lower its penetration rates into the brain and
CSF by passive diffusion. Thus, based on passive diffusion
alone, one would not consider that large polar molecules
such as peptides would ever become useful CNS drugs.
Carrier-mediated transport may be active, in which ATP is
consumed upon transport, and is normally unidirectional, or
may be facilitative, which is driven by a concentration
gradient, and can function in either direction. Glucose, which
is the major energy source for the brain, is facilitatively
transported via the glucose transporter (GLUT-1) [51]. The
amino acids are transported across BBB by various
transporters [52]. There are other transporters that transport
both small peptides [53] as well as proteins [54]. Molecules,
including large peptides, can also cross the BBB by
endocytosis. There are several types of endocytosis such as
fluid-phase  endocytosis (FPE), adsorptive mediated
endocytosis (AME) and receptor-mediated endocytosis
(RME).

PEPTIDE DRUG DELIVERY TO THE BRAIN

It has been shown that small, but measurable amounts of
enkephalins and other small peptides are taken up by the
brain via a saturable peptide transport mechanism [55].
Davis and co-workers have shown that the peptide DPDPE, a
d specific enkephalin analog, crosses BBB by a combination
of diffusion and saturable mechanisms, and that biphalin
([Tyr-DAla-Gly-Phe-NH,]) does so by diffusion and via the
large neutral amino acid carrier [56]. The peptide E-2078, an

Diffusion

Carrier Mediated Transport

Fluid Phase Endocytosis

Adsorptive Endocytosis

Receptor Mediated Endocytosis
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analog of Dynorphin,s, was shown to cross BBB via
adsorptive mediated endocytosis (AME) and transcytosis
[57]. Recently, it has been shown that the peptide H-Tyr-
DArg-Phe-bAla-OH (TAPA), a m specific dermorphin
analog, is transported through BBB by adsorptive-mediated
endocytosis [58]. It has been found that peptide size is not as
important for adsorptive transcytosis (AMT). Optimal
conditions of lipophilicity and cationic charge of the peptides
are important for efficient transport across BBB [59]. The
growing evidence that peptides can cross BBB should
encourage researchers to investigate the development of
peptides as drugs for CNS diseases, particularly in cases
where only picomolar concentrations of the peptide are
required in the brain for therapeutic effects.

VECTORS FOR BBB PENETRATION

In vector-based drug delivery approach [60] generally
there is no need to modify the peptide sequence, rather it is
conjugated to a substance, the vector, such as a lipophilic
moiety, a transporter peptide sequence, or a protein that is
normally transported by passive-, carrier-, adsorptive- or
receptor-mediated endocytosis. In most cases however, the
conjugate must then be converted to an active compound
through enzymatic and/or chemical means, before or after
reaching the site of action [61]. Bodor and co-workers used a
novel enzyme-based transport vector strategy in which they
modified both N- and C-termini of the enkephalin peptide by
attaching enzymatically labile steroids. This “packaged”
enkephalin crossed the BBB by passive diffusion and
showed considerable antinociceptive effects, but lacked the
aqueous solubility necessary for effective serum transport
[62]. Very large doses (5-20 mg/kg) were required to induce
centrally mediated antinociception, and the drug had to be
dissolved in ethanol or dimethylsulfoxide (DMSO) prior to
administration.

In another approach, Borchardt and co-workers made an
attempt to improve the BBB permeation of DADLE, an
enkephalin analog, by making cyclic prodrugs using an
acyloxyalkoxy linker, a coumarinic acid linker and an
oxymethyl-modified coumarinic acid [63]. These drugs
showed higher plasma concentrations of DADLE after i.v.
administration, compared with i.v. administration of DADLE
alone. Though the lipophilic prodrugs possess more
favorable physiochemical properties, higher intrinsic BBB
permeation, improved stability in vivo and bioconversion to
parent drug, they fail to accumulate in the brain due to efflux
transporters (e.g., P-glycoprotein) [64]. Similarly, ester
prodrugs of the tyrosine phenolic group of the enkephalins
were synthesized. These prodrugs showed good chemical
stability and were able to transport across Caco-2 cells, but
BBB studies have not yet been reported [65].

NANOPARTICLE TECHNOLOGY

Nanoparticle technology has been used to improve BBB
transport. This technology has been tested with dalargin
(Tyr-D-Ala-Gly-Phe-Leu-Arg), a Leu-Enkephalin analog.
Dalargin adsorbed on the surface of poly(butylcyano-
acrylate) nanoparticle (NP) able to induce central
antinociceptive effects [66,67]. The NPs carrying the
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adsorbed peptides can cross the BBB as intact molecules and
act on central nervous system [68]. It has been suggested that
the detergent present in the preparation of nanoparticle
coated drug is responsible for the observed BBB transport of
the drug by disrupting/opening the BBB endothelial cells
[69]. However, for the drug delivery to occur, the peptide has
to be physically associated with the nanoparticles [70]. The
advantage could be low drug dose needed while maintaining
its therapeutic effects. There has been no specific mechanism
advanced explaining how the drug is released from the
nanoparticle. Recent findings suggest that there may be no
toxicity due to nanoparticles (i.e. there is no generalized
disruption of the endothelial monolayer).

LIPIDATION

1-Adamantane  derivatives of  [D-Ala’]-Leucine
enkephalin (e.g. 10, Fig. 5) were prepared to improve the
delivery to the brain of enkephalin [71]. This analog is lower
in activity when the adamatane moiety is attached to the N-
terminal. The adamantyl ester showed a 100 fold increase in
lipid solubility compared with the unmodified enkephalin
and CNS-mediated antinociception when injected i.v. in high
doses (5-50mg/kg).

: k
e BVRRYY
O

Fig. (5). 1-Adamantyl Esters of [D-Ala?]-Leucine Enkephalin.

Recently, Toth and co-workers have developed lipid-
based drug-delivery systems for oral administration. The
method involves attaching a lipoamino acid (LAA) or
liposaccharide to the biologically active peptides. Lipoamino
acids (LAA) combine the properties of amino acids (contains
NH; and COOH functional groups) and lipids (hydrophobic
side chains). They have successfully demonstrated this
approach for various therapeutic peptides. This subject has
been reviewed recently by Toth [72]. Morphine-6b-
glucuronide (M6G, Fig. 1) is a potent morphine metabolite
that acts through mreceptors. The metabolite M6G has been
used clinically, [73] and has been reported to be more potent
than morphine in vivo despite its lower affinity for m
receptors, and to show reduced levels of respiratory
depression [74]. These findings prompted Toth and co-
workers to modify enkephalins at the C-terminal by
attaching glucuronic acids by an amide linkage. These
analogs (1la—e, Table 2) were synthesized by solid-phase
strategy [75,76]. The attachment of one or two glucuronic
acids to Leu-enkephalin increased activity by up to 40 fold,
and increased selectivity towards d-opioid receptor. Some of
the analogs showed appreciable stability and permeability
when studied by Caco-2 assay as an in vitro model [77].
They also applied this strategy to enhance the bioavailability
of somastostain analogs [78].
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Table 2. C-Terminal Glycosyl Enkephalin Amide Analogs
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GLYCOSYLATION OF ENKEPHALINS

Many proteins exist in vivo in glycosylated forms. It is
known that glycosylated proteins have extended half-lives in
serum. It is known that glycosylation greatly influences the
biodistribution of glycoproteins, [79] including penetration
of the BBB [80]. There is not a clear understanding of how
glycosylation changes the physical chemistry of proteins, nor
a complete catalog of the biochemical interactions of
glycoproteins in vivo [81]. One strategy to produce
systemically active enkephalin analogs is to produce
glycosylated peptides that structurally mimic their larger
glycoprotein cousins with the expectation that the
biochemical behavior of the smaller glycopeptides will also
demonstrate similar biodistribution properties. In fact, this
seems to be true. The systematic study of the biodistribution
of glycopeptide drugs may also lead to an increased
understanding of glycoproteins. The smaller glycopeptides
can be structurally altered by means of chemical synthesis to
aid in these studies.

The synthesis of glycopeptides still poses significant
synthetic challenges, particularly in large scale [82]. There
are now several methods available to prepare N-linked or O-
linked glycosylated amino acids. This subject has been
reviewed recently [83,84]. Since the synthesis of natural N-
or O-linked glycopeptides was very difficult in the past, the
more easily synthesized neoglycopeptides (e.g. non-
physiological glycoconjugates such as those in Table 3) have
been more extensively explored.

OPIOID NEO-GLYCOPEPTIDES

The first opioid neo-glycopeptides were synthesized by
the Garcia-Anton group at the University of Salamanca,
Spain. Their analogs had a mselective Tyr-DMet-Gly-Phe-
Pro- sequence with the C-terminal amide-linked
carbohydrate portions consisting of b-D-gluco- and b-D-
galactopyranose. These analogs showed as high as 2000
times the potency of morphine in the tail flick assay after i.p.
administration [85]. The same group later introduced glucose
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and 5galactose via O-linkage to the C-terminal of [D-Met’,
Hyp’lenkephalin to improve its potency as well as
selectivity. It was found that both glucose and galactose
improve its antinociceptive activity, but there was a clear cut
difference that the galactosyl analog was 57,000 times more
potent than the glucosyl analog [86]. These analogs were the
first O-linked glycopeptide analogs.

Horvat and co-workers also synthesized a series of neo-
glycopeptides based on either [Leu’]- or [Met’]enkephalin.
The carbohydrate moieties were attached to the peptide by an
ether-, ester-, amide- or N-alkyl- type linkage [87-90]. The
GPIl (mreceptor) and MVD (d-receptor) assays of these
peptides revealed that bioactivity depended on the position,
the identity of the sugar, and type of linkage. The b-anomer
was about three times more active than the anomeric a-
glycoside. These peptides also showed modest antiviral
activity against HIV-1. The authors concluded that the
possible reason for antiviral activity could be due to the
stability of the glycopeptides and/or a facilitated transport
through cell membranes. Further investigation is needed
before these glycopeptides could be considered as viable
candidates for anti-HIV drugs [91]. There was no report on
blood-brain barrier studies of these compounds.

O-LINKED GLYCOPEPTIDES
“AMPHIPATHIC HYPOTHESIS”

Work with these had to wait for effective synthetic
methodology, which is exemplified by the work of Paulsen
[92] and Jeanloz [93]. In the author’s laboratory, several O-
linked glycopeptide analogs of enkephalin were synthesized
and studied [94]. The first series of glycopeptides produced,
12a—d, (Fig. 6) was based on the d-selective DCDCE (D-
Cys D-Cys Enkephalin) analog to improve bioavailability by
attaching the hydrophilic sugar at the side chain of Ser.
These disulfide bridged cyclic peptides penetrated the BBB
when the glycosylated residue was at the C-terminus, but
their potency was lost when the sugar was attached within
the N-terminal message segment. Even though some analogs
of the cyclic disulfide series crossed the BBB and produced

AND THE

HO

12a—d

R=

OH
RN AT A
OH

12a 12b e

Fig. (6). Cyclic Disulfide Met-Enkephalins.

Dhanasekaran and Polt

antinociception, [95] the presence of sulfur containing Cys
amino acid made these compounds difficult to synthesize,
along with a shorter shelf life. Thus, the focus turned to
another d-selective opioid sequence, DTLES [96]. The
analogs based on this sequence allowed for easier synthesis
and purification on a much larger scale than the previous
one, and in turn, allowed for more complete in vivo testing.
The glycopeptides based on this pharmacophore are quite
potent d-agonists, but still have appreciable mactivity. The
analog containing b-D-Glc-L-Ser (13d) was compared with
the non-glycosylated form (13a), and the cyclic disulfide
(12b). Both 13d and 13a bind to the d receptor at
concentrations with K; values of ~2 nM, and ~30 nM at the m
receptor. Additional studies have shown that the analgesic
effects of 13d are reversed by centrally administered
naloxone methiodide [97]. Glycosylation of Ser® of 13d led
to a significant increase in enzymatic stability in both serum
and brain, and increased BBB permeability. Antinociception
studies showed that the glycosylated peptide gave
significantly improved activity after i.v. administration,
compared with the unglycosylated 13a analog [98]. Based on
these results, 13d and 13f appear to be ideal candidates for
further development, perhaps even oral delivery [99].

These findings with glycopeptide 13d encouraged the
authors to explore the biological effects of additional analogs
in which the parent pharmacophore was kept constant as the
glycoside within the address segment was varied. These
studies focused on altering the amphipathicity of the
glycosylated enkephalins by increasing the number of
attached carbohydrate residues (oligosaccharides) or the
number of glycosylation sites (multiple monosaccharides),
thereby increasing the hydrophilicity of the carbohydrate
moieties. Amphipathicity was also changed by altering the
orientation of the glycoside (D- & L-serine, and D- & L-
threonine linkages) with respect to the lipophilic peptide
moiety. Antinociception studies in vivo (i.c.v. and i.v.) were
performed in addition to md binding studies and GPI/MVD
functional assays. All of the glycosylated analogs in this
series were 100-200 times more potent (20-100 pmol/mouse)

HO
; OH

12¢ 12d
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Table 3.  In Vitro Binding and In Vivo Opioid Agonist Activity of Glycosyl DTLES Amides
HO
) ) N o
{ PG
H,N N Y N NH
2 H/\r - H = 2
0 s (¢} < @) ~
"OH \© 0-R
A50 A50
d m MVD GPI i.c.v. iv.
Drug R= (nM) (nM) (nM) (nM) (nmol) (mmol/Kg)
13a ~ H 2.1 7.5 2.7 25 0.07 46.4
OH
HO OH
13b 0] 46.0 65.8 1.9 28.3 0.04 9.5
b-D-Xyl
HO
OH
OH
13c o 23.0 15.2 3.0 23.3 0.04 31.6
OH
a-D-Man
OH
HO OH
13d [¢) OH 24 7.6 1.6 34 0.02 11.4
b-D-Glc
OH HO,
HO (6]
\ZmOH Q OH
13e 9.86 30.8 1.7 52.6 0.07 12.0
on"
a-D-Glc-(1—>4)-b-D-Glc
HO OH
OH 1o OH
13f \H%\j:o (6] 17.3 40 5.72 34.8 0.02 3.2
O.
OH
b-D-Gal-(1—>4)-b-D-Glc
OH
HO
HO o %H
139 Q OHOH 5.6* 36.6* 6.06 43.8 0.034 2.2
OH
a-D-Gal-(1—>6)-b-D-Glc
OH HO,
HO (6]
\Zaj: on S\ on
HO
13h o Yo oH 46.3 98.3 7.7 717 0.06 10.9
OH
HO
[a-D-Glc-(1—>4)],-b-D-Glc

*Radioligand displacement data for 13g was obtained from human DOR and MOR expressed in CHO cells. Other d/mbinding data was obtained in the same way from homogenized

mouse brain.
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than morphine (2.7 nmol/mouse) when administered i.c.v
[100]. Among them, the most potent (>200% the potency of
morphine, molar basis) were the disaccharides 13f (b-
lactoside), and 13g (b-melibioside). These analogs were
more potent than the glucoside 13d, and showed
antinociceptive potencies greater than morphine following
i.v. or s.c. administration. The addition of a third saccharide
unit apparently reduced the systemic bioavailability. None of
the bis-monosaccharides possessed the in vivo or in vitro
potency of the analogs with a single glycosylation site.
Taken together, this data is consistent with the hypothesis
that the amphipathicity of the glycopeptide (not simply the
hydrophilic or hydrophobic nature alone) greatly influences
interaction with biological membranes, and that the resulting
amphipathic behavior greatly influences both opioid binding
and transport properties of the glycopeptides.

Dhanasekaran and Polt

Additional support for this hypothesis was provided by
NMR and CD studies with micelles and liposomes and a
series of glycosylated enkephalins, 13a, 13d, 13e, and 13h
[101]. As the degree of glycosylation increased (0—3
glucose units), membrane interaction (liposome binding) and
transport rates (BBB uptake) correlated with amphipathicity,
and not with hydrophilicity values. Two-dimensional NMR
and Monte Carlo calculations showed that the
hexa(glyco)peptides in this study adopted restricted
conformations at the surface of micelles, and did not
penetrate deep into their interior. This property, that is— the
ability of the amphipathic glycopeptide to reside at the
interface of a membrane-water boundary, is key to allowing
for reversible interactions with membranes, and subsequent
transcytosis across the BBB.

Table 4. In Vitro Binding & In Vivo Opioid Agonism of Glycosyl Deltorphin Amides
HO,
(6] (6] (6]
H H H
N N N _NH,
H,N N - N ¥ X
H H H i
o] o] '\ o] /'\
CO,H
A50 A50
d MVD (nM) GPI (nM) i.c.v. S.C.
Drug R= (nM) (nM) (nmol) (mmol/Kg)
OAcC
AcO
OMAC No activity
l4a OAC 1.30+0.3 634.9+94 nd nd 10.5° for 150
HN co uM/kg dose
Thr [bD-Glc(OAC)4]
OH
HO
14b OH 1.55+0.5 578.9+38 nd nd 11.3° 96.4
HN CcO
Thr(bD-Glc)
OAcC
AcOZ\‘ i
o o OAc
l4c J: OAC 28+2.1 1915210 2.7+0.4 1900+203 70° nd
HN CO
Ser [bD-GIc(OAC)4]
OH
HO
14d J: OH 23+19 879+100 3.1+0.4 1600+133 a4° nd
HN CcO
Ser(bD-Glc)

*ail-flick test °hot-plate test nd = not determined
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GLYCOSYLATION OF OTHER OPIOID PEPTIDES

The enkephalins are not the only antinociceptive message
segments to provide the basis for glycopeptide drugs.
Morphiceptin (H-Tyr-Pro-Phe-Pro-NH,) is derived from
bovine b-casein [102], and is very similar to human
endogenous mreceptor agonists, namely endomorphin-1
(Tyr-Pro-Trp-Phe-NH,), endomorphin-2 (Tyr-Pro-Phe-Phe-
NH,) [103]. This tetra-peptide provided a potent message
segment for glycopeptides with mreceptor selectivity.
Bardaji et al. have made analogs of morphiceptin by
replacing Pro* with a hydroxyproline residue bearing b-D-
glucose and b-D-galactose [104]. The resultant analogs
showed an unexpected decrease in activity, especially the
galactose derivative, which had no antinociceptive activity at
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Exogenous peptides isolated from amphibian skin glands
also carry highly potent opioid message segments, and have
provided excellent candidates for transformation into
glycopeptide analgesics. Specifically, the deltophins (hamed
for high delta specificity) and the dermorphins (named for
dermal morphine-like substance) have also been identified as
ligands for d and m opioid receptors, respectively.
Dermorphin was found to be 500-1000 times more potent as
an analgesic than morphine when administered i.c.v. in rats,
but crossed the BBB more poorly than morphine [105]. In an
effort to increase the serum half-life and BBB penetration,
Tomatis and co-workers synthesized a series of deltorphin
and dermorphin analogs (14a—d) in which a b-D-glucose
was attached to a Thr” or Thr’ side chain [106] (Table 4).
The binding studies and in vivo tail flick assay indicated that

all. the Thr’ glycosylated analog retained high receptor
Table 5. In Vitro Binding & In Vivo Opioid Agonism of Glycosyl Dermorphin Amides
HO
HO
(6]
(6] (6]
H H NH,
N N N X
H,N N N
H H
(6] (6] (6]
A50 A50
d m MVD (nM) GPI (nM) i.c.v. S.C.
Drug R= (nM) (nM) (nmol) (mmol/Kg)
OAC
AcOZ\ EZ
o o OAc
15a OAC 86.8+14.7 0.46+0.06 nd 22.1+2.4 2.8 88.9
HN CO
Thr [bD-Glc(OAC)4]
OH
HO
15b OH 67.0+22 0.29+0.02 nd 3.1+0.2 1.3° 0.53
HN CO
Thr(bD-Glc)
OAC
AcO
SIS o
15¢ 1320+147 7.9+0.9 18+2.9 8.2+0.7 46° nd
OAg
HN CcO
Ser [bD-GIc(OAC)4]
OH
HO
15d J: OH 1250+150 2.4+0.3 4045 3.5+0.4 1.4° nd
HN CcO
Ser [bD-GIc(OAC).]

*ail-flick test °hot-plate test nd = not determined
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Fig. (7). Schwyzer's Membrane Compartment Hypothesis.

selectivity and remarkable in vivo activity. In addition, the
glycosylated analog showed high blood to brain rate of
influx, which they attributed to the glucose transporter
GLUT-1. In contrast, the Thr* glycoside showed much less
activity, which reinforces the notion that the message
segment should not be altered if one wishes to retain opioid
activity.

The Negri group in Italy prepared glycopeptide analogs
(15a—d) of dermorphin [107] (Table 6). In these structures
the carbohydrate moiety was attached through either a b-O-
glycoside or a a-C-glycoside at the C-terminus. The
resulting analogs, especially the acetylated glycosides (15a
or 15c), showed significant enzymatic stability. Examination
of the acetylated glycoside in this system, as compared to the
unprotected sugars, revealed some very interesting trends in
the binding and antinociception. First, acetylation of
glycoside was seen to hinder opioid activity of the
compounds in the GPI assay (mreceptor), while it slightly
enhanced activity in the MVD assay (d-receptor). This is
contrary to what might be predicted by Schwyzer’s
membrane compartment hypothesis. This theory predicts that
hydrophilic compounds will have a greater activity at the d-
receptor (MVD assay) that is believed to reside in a more
aqueous compartment than the msite. When the acetyl-
protected and un-acetylated analogs were compared in vivo
by s.c. administration, they found that analogs containing the
free sugars (e.g. 15b and 15d) possessed remarkable
antinociceptive activity by peripheral injection, but that the
more lipophilic acyl derivatives were much less active.

a)
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MEMBRANE EFFECTS ON BINDING

In a classic study of peptide-membrane interaction,
Merrifield and co-workers synthesized the enantio (all D
amino acid), retro (sequence reversed), retro-enantio
(sequence reversed and all D amino acid) isomers, as well as
chimeric analogs of the bee venom melittin in order to
evaluate its antibacterial, hemolytic and lipid bilayer activity.
The results confirm the requirement for a specific cationic
region located at the C-terminus, the amphipathic a-helix, as
well as the non-requirement of chirality— i.e. chirality plays
no role in the activity. The authors suggest that these
peptides do not function via any receptor or enzymatic
process. The helix dipole is believed to play a vital role in
orienting the peptides within the membrane. They suggest
the following sequence for melittin-membrane interactions.
The basic peptide monomer first binds to the lipid bilayer
electrostatically, and then rearranges in such a way that the
hydrophilic surface contacts polar head groups of the lipid
and the hydrophobic residues insert into the apolar
hydrocarbon chains of the fatty acids. This, in turn, is
believed to induce an amphipathic helical conformation with
a large dipole parallel to the axis of the helix. Finally, the
peptides are believed to aggregate and rotate by interaction
of the dipoles with the applied voltage to form ion
conducting pores across the cell membrane [108].

Robert Schwyzer pointed out the importance of the
membrane in peptide-receptor interactions with the
development of his membrane compartment theory.
According to Schwyzer, the “lipid phase of a cellular
membrane will act as a matrix for the receptor.” [109].
Additionally, opioid receptor agonists are believed to have
two segments, a message or recognition segment, and an
address segment. It has been well established that the N-
terminal sequence YGGF is a common message segment in
opioid peptide, and is essential for the activity. An
amphipathic helix may act as the address segment to guide
the drug to a particular subset of receptors [110]. This
address segment varies in the opioid peptides and is believed
to be responsible for mid/k selectivity. According to
Schwyzer, the d receptor (binding site for enkephalins and

b)

Fig. (8) Glycopeptide Antinociception vs Morphine Analgesia in the Mouse. Both mice have received equi-analgesic (Ago) doses of drug,
glycopeptide on the left (a), morphine on the right (b). Glycopeptide-induced analgesia does not cause increased locomotor activity,
stereotypical circling, or Straub tail. Morphine-induced analgesia causes greatly increased locomotor activity, stereotypical circling and
Straub tail. Photographs courtesy of Prof. Edward J. Bilsky, University of New England, Biddeford, Maine.
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endorphins) projects further into the aqueous exterior of the
cell, the mreceptor (morphine binding site) resides in the
anionic phospholipid head region and the k receptor
(dynorphin binding site) is buried within the lipid portion of
the membrane.

OUTLOOK FOR A GENERAL METHOD FOR
GLYCOPEPTIDE TRANSPORT

This message-address theory of peptide-substrate
interactions is not confined to opioid peptides, and has been
demonstrated to be operative for antimicrobial peptides such
as cecropins and magainins, as well as other systems. It is
probably not accidental that the extremely potent conotoxins
are heavily glycosylated. Studies on cobra toxin and melittin
by Fletcher and co-workers have clearly exemplified the
membrane compartmentalization and message-address
dichotomy [111]. Thus, it would seem that glycosylation
may be a general method for the introduction of surfactant
properties into biologically active peptides, thereby
increasing their ability to cross membrane barriers.
Moreover, the d-selective nature of the enkephalin-based
peptide ligand does not cause the same degree of narcotic
side effects typical of mselective opioids, such as morphine

(Fig. 8).
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